To study the late events of cell wall assembly in Mycobacterium smegmatis, specific in vivo radiolabelling of exponentially growing liquid cultures over periods of less than one cell generation were carried out. N-Acetyl-[ 14 C]glucosamine was used to label peptidoglycan and [ 14 C]glucose to label arabinogalactan and arabinomannan. Over periods of several generations, radioactive cell wall material was turned over as soluble autolysis products into the culture fluid. However, turnover of newly synthesized and labelled cell wall was delayed for about one cell generation, implying inside-to-outside growth of the wall as observed in Bacillus. Little radioactive wall material was released into the culture fluid during the first generation of labelling in growing cultures, but the addition of amoxicillin plus the β-lactamase inhibitor clavulanic acid, at the minimum inhibitory concentration of amoxicillin, led to the release of radioactive peptidoglycan that could be isolated by gel filtration chromatography and contained nearly 3 mol alanine per glutamic acid residue, indicating that it was linear, un-crosslinked peptidoglycan that had never been substantially cross-linked to the cell wall due to inhibition of transpeptidation by amoxicillin. This peptidoglycan had no covalently attached arabinogalactan. Radioactive arabinogalactan was synthesized and released from the amoxicillin-treated bacteria without attachment to peptidoglycan. The results indicate that during growth, incorporation of arabinogalactan into the cell wall requires its ligation to newly synthesized peptidoglycan and that the peptidoglycan must be undergoing concomitant cross-linking to the inner surface of the cell wall. Inhibition of peptidoglycan transpeptidation prevents ligation of arabinogalactan to peptidoglycan and its consequent incorporation into the wall.
INTRODUCTION
The processes of cell wall assembly in mycobacteria are of great intrinsic interest, since the biochemistry of ligation reactions between very large, and in some cases very hydrophobic or insoluble, molecules is still poorly understood. Assembly of the mycobacterial wall offers several potential targets for antimycobacterial drugs that have so far not been successfully exploited, although progress is being made towards developing agents directed against the synthesis of arabinogalactan, mycolic acids and mycolyl transferases.
The main structural element of the cell walls of mycobacteria is a cross-linked network of peptidoglycan in which some of the muramic acid residues of the glycan chain are covalently substituted at C-6 with a complex polysaccharide of arabinose and galacto-I. C. Hancock and others furanose. This arabinogalactan is in turn acylated, at polysaccharide chain ends distal to its link to peptidoglycan, with long-chain mycolic acids (Mikusova et al., 1996) . Previous in vitro studies have elucidated the main features of the pathway for the biosynthesis of arabinogalactan in Mycobacterium smegmatis (Mikusova et al., 1996 (Mikusova et al., , 2000 Xin et al., 1997) and have demonstrated that it is essential for growth (Pan et al., 2001) . However, the precise sequence of events in the final assembly of these components into the cell wall remains unclear.
In contrast to the widespread information on peptidoglycan synthesis, there is no useful model in the bacterial world for the synthesis of mycolyl arabinogalactan except for the initial step of linker unit formation, which has analogies to the initiation of teichoic acid synthesis in Gram-positive bacteria. Previous work has elucidated the structure of mycolyl arabinogalactan (Besra et al., 1995) and the early stages of its biosynthesis from UDPGalf, a C &! -polyisoprenyl phosphate-linked Araf and the usual precursors of long-chain fatty acid synthesis (Mikusova et al., 1996 (Mikusova et al., , 2000 Besra et al., 1994) . However, there are still substantial gaps in our knowledge of the late stages of synthesis of arabinogalactan and peptidoglycan, the ligation of these two components by the formation of a phosphodiester linkage to muramic acid in the peptidoglycan, and their incorporation into the growing cell wall. Recently, the in vitro biosynthesis of polyisoprenyl phosphate-linked arabinogalactan has been demonstrated, showing that the arabinan moiety of the polymer is built up on the lipid-linked galactan by successive arabinosyl transfers from decaprenyl phosphate-linked arabinose, rather than being synthesized separately with subsequent ligation of the two oligosaccharides, and that this process precedes ligation to the cell wall (Xin et al., 1997) .
In the work now reported we have taken advantage of the ability of M. smegmatis to take up radioactive Nacetylglucosamine (GlcNAc) from the culture medium and incorporate it directly and specifically into peptidoglycan, to investigate the consequences of inhibition of peptidoglycan assembly into the cell wall on the incorporation of mycolylarabinogalactan.
METHODS
Strain and culture conditions. All experiments were carried out with Mycobacterium smegmatis mc#155. For preparation of permeabilized bacteria, cultures were grown in nutrient broth (Difco). For in vivo radiolabelling experiments GAS-GAG medium was used, consisting of GAS medium (Takayama et al., 1975) containing 0n02 % Tween 80 to ensure dispersed growth, 1 mM GlcNAc and 5 mM glucose to ensure induction of nagA and suppression of endogenous GlcNAc synthesis (Hancock & Poxton, 1988) . Under these conditions the mean generation time of the culture was approximately 5 h.
Radioactive in vivo labelling with GlcNAc and glucose. All radioisotopes were obtained from Amersham Pharmacia. Small-scale labelling was carried out in exponentially growing liquid cultures in 25 ml batches of GAS-GAG medium in 250 ml Erlenmeyer flasks, at 37 mC in an orbital incubator at 200 r.p.m. The mean generation time was 4n5 h. 370 kBq Nacetyl--[1-"%C]glucosamine (1n9 GBq mmol − ") or 370 kBq [U-"%C]glucose (8n8 GBq mmol − ") was added when the OD '!! of the culture was 0n5. The molar concentrations of the added radioactive GlcNAc and glucose were insignificant compared to the concentrations of these sugars in the culture medium. Amoxicillinjlithium clavulanate (36 µg ml − "j4n5 µg ml − ") were added simultaneously when required. These were the lowest concentrations that led in combination to complete inhibition of growth without causing detectable autolysis over the next 4 h. At the appropriate time, the bacteria were collected directly by centrifugation and washed by resuspension and centrifugation in GAS-GAG medium. The culture medium was retained for isolation of extracellular products as described below. In other experiments, particularly where the labelling period was short, the bacteria were collected by filtration on nylon 0n45 µm filters (4n5 cm diameter) and washed with 50 ml cold GAS-GAG medium. The bacteria were recovered by inverting the filter and drawing through it two 5 ml aliquots of GAS-GAG medium under a weak vacuum, followed by centrifugation, lyophilization and weighing.
The culture fluid from radiolabelled cultures was dialysed for 48 h against several changes of 5 l deionized water using dialysis membrane with a nominal molecular size cut-off of 12n5 kDa, then lyophilized. In large scale experiments the culture fluid was immediately frozen, then lyophilized and redissolved in 25 ml deionized water before dialysis as above.
For measurement of the kinetics of radiolabelling with GlcNAc, glucosamine was added to 500 ml culture in GAS-GAG medium when the culture optical density reached 0n1, and incubation was continued as above. Duplicate 25 ml samples of culture were taken at 2n5 h intervals and the bacteria were recovered by filtration and washed as described above. The filters were dried and radioactivity measured by liquid scintillation counting. The culture fluid from the samples was heated to 100 mC for 5 min to inactivate autolysins, then dialysed overnight against 5 l deionized water, freeze-dried and redissolved in 0n2 ml water. The samples were applied in 2 cm-wide bands to a sheet of Whatman 3MM chromatography paper and chromatographed in ethanol-0n5 M ammonium acetate pH 3n8 (5:2, v\v) for 8 h. After drying, the origin regions of the paper were cut out and radioactivity in the immobile macromolecular material was measured by liquid scintillation counting. Samples of undialysed culture fluid were chromatographed in the same way, authentic GlcNAc and chito-oligosaccharides containing up to 4 GlcNAc residues (Sigma-Aldrich) were used as standards and were detected by the silver stain for reducing sugars (Trevelyan et al., 1950) ; 1 cm bands along the paper were cut out for measurement of radioactivity as above.
Isolation of cell walls. The radiolabelled bacteria from 25 ml culture were suspended in 1n5 ml water and distributed equally between two RiboLyser Blue tubes (Hybaid) containing mineral beads. Aqueous phenol (0n75 ml ; 90 %, w\w) was added to each tube. The samples were shaken in a RiboLyser (Hybaid) for 60 s and then maintained at 70 mC for 1 h. After cooling, the aqueous phase was removed and the phenol phase, with the interfacial material and beads, was diluted with 5 ml methanol and mixed well. As soon as the beads had settled out, the supernatant suspension was removed and centrifuged to recover the insoluble cell wall fraction. This was washed once with methanol and then with water.
Determination of the specificity of wall labelling with radioactive GlcNAc. To determine the specificity of the labelling procedure, bacteria were radiolabelled with GlcNAc for 20 h and washed with 0n1 M GlcNAc to remove residual radioactive sugar. Cell walls were isolated as described above. They contained between 93 % and 95 % of the radioactivity from the bacteria. The wall fraction was treated with 0n1 M HCl at 100 mC for 30 min to release arabinogalactan. This solubilized between 1 and 4 % of the radioactivity, possibly representing the GlcNAc of the linkage disaccharide attaching arabinogalactan to peptidoglycan. The remaining insoluble material was examined by acid hydrolysis followed by cellulose TLC as described below, with authentic GlcNAc and N-acetylmuramic acid standards. This yielded two radioactive products that co-chromatographed with authentic glucosamine and muramic acid. No radioactivity was detectable in the regions of the chromatogram corresponding to hexoses and pentoses. Thus, N-acetyl-["%C]glucosamine provides specific in vivo labelling of peptidoglycan and, probably, the GlcNAc residue in the arabinogalactan-linkage unit.
Molecular size fractionation by gel filtration chromatography. The lyophilized extracellular material from 25 ml culture was dissolved in 1 ml water and filtered through a 0n45 µm nylon filter before application to the chromatography column. Gel filtration chromatography was carried out on Sephacryl S-200HR (Pharmacia). A column (65i1n6 cm) was equilibrated in 10 mM ammonium acetate, pH 5. Elution was carried out in the same buffer at 1 ml min − " at 25 mC. Fractions (1 ml) were collected and radioactivity was measured by scintillation spectrometry. The void volume of the column was determined with blue dextran 2000 (M r about 2i10' ; Amersham Pharmacia). Molecular mass standards of yellow dextran 20 (M r 20 000 ; Amersham Pharmacia), hexa-acetylchitohexaose (M r 1237 ; Sigma Aldrich) and N-acetyl--[1-"%C]glucosamine (Amersham Pharmacia) were used for calibration purposes.
Analytical procedures. For analysis of hexose and pentose sugars, samples were hydrolysed at 115 mC for 2 h in 2 M trifluoroacetic acid and acid was removed by evaporation under vacuum. For hexosamine analysis, samples were hydrolysed at 100 mC in 4 M HCl for 4 h, the acid was removed under vacuum, the residue was dissolved in 0n4 ml water and mixed with 0n05 ml acetic anhydride (1n5 % by vol. in acetone) at room temperature for 5 min to N-acetylate aminosugars, and the product was dried under vacuum. It was redissolved in water. Sugars were analysed qualitatively by TLC on cellulose thin layer plates (Merck). They were separated by three developments in formic acid\water\tert-butanol\methyl-ethylketone (15 : 15 : 40 : 30, by vol.) and standards of glucose, galactose, mannose, ribose, arabinose, GlcNAc and Nacetylmuramic acid were detected with aniline phthalate (0n1 M phthalic acid, 0n1 M aniline in water-saturated nbutanol). Quantitative analysis was carried out by HPLC (Dionex) on a CarboPac PA1 column in an isocratic gradient of 20 mM NaOH, with pulsed amperometric detection. Measured amounts of GlcNAc and N-acetylmuramic acid were hydrolysed under the same conditions to correct for destruction during hydrolysis.
For amino acid analysis, samples were hydrolysed in 6 M HCl for 20 h at 110 mC and analysed on a Beckman automatic amino acid analyser model 6300.
Radioactive sugars separated by cellulose TLC as described above were detected by autoradiography on Kodak Biomax MR-2 film.
RESULTS

Kinetics of synthesis and turnover of peptidoglycan in growing M. smegmatis
To obtain information about wall assembly, we investigated the radiolabelling of peptidoglycan in exponentially growing cultures of M. smegmatis. Growing bacteria took up and incorporated radiolabelled Nacetylglucosamine (GlcNAc) and, in the presence of glucose, incorporated it specifically into the cell wall. The specificity of labelling was examined in cell walls from bacteria grown for 20 h with radioactive GlcNAc. Cell walls were isolated as described. They contained between 93 % and 95 % of the radioactivity from the bacteria. The wall fraction was treated with 0n1 M HCl at 100 mC for 30 min to release arabinogalactan. This solubilized between 1 and 4 % of the radioactivity, possibly representing the GlcNAc of the linkage disaccharide attaching arabinogalactan to peptidoglycan. Cell wall was also hydrolysed in 4 M HCl, aminosugars were N-acetylated and the radioactive sugars were examined by cellulose TLC with authentic GlcNAc and N-acetylmuramic acid standards. Only two radioactive products were obtained, which co-chromatographed with the standards (for N-acetylmuramic acid, R GlcNAc l0n4). Similarly, no radioactivity was detectable in the regions of the chromatogram corresponding to hexoses and pentoses in samples hydrolysed in 2 M trifluoroacetic acid. Thus, N-acetyl-["%C]glucosamine provides specific in vivo labelling of peptidoglycan and, probably, the relatively small amount of GlcNAc in the arabinogalactan-linkage unit. Using this in vivo labelling technique it was possible to measure peptidoglycan synthesized in one cell generation in 25 ml bacterial culture.
Radioactivity was incorporated both into the bacterial cell wall and into non-diffusible material in the culture supernatant ( Fig. 1) . Initially, paper chromatography of undialysed culture fluid was carried out. Up to 5 h only a trace of radioactivity was detectable other than GlcNAc. After 5 h, increasing amounts of radioactive products with mobilities lower than that of GlcNAc appeared, of which more than 90 % remained at the origin of the chromatograms. However, due to the presence of large amounts of culture medium components in the samples, separation was poor. In subsequent experiments, therefore, samples were dialysed before chromatography. This did not alter the amount of radioactivity at the origins of the chromatograms but the small amounts of mobile products were removed. In the chromatography system used, linear chito-oligosaccharides containing more than three GlcNAc residues remain at the origin.
Although radioactive GlcNAc was incorporated into cell peptidoglycan continuously, very little radiolabel appeared in the culture fluid until approximately 5 h (1 generation) after the start of labelling ( Fig. 1) . After this time, during exponential growth radioactive macromolecular material was released into the culture fluid at about 15 % of the rate of incorporation into the bacteria. 
Fig. 1. Kinetics of incorporation and turnover of radioactive GlcNAc in a growing culture of M. smegmatis. N-acetyl-D-[1-
14 C]glucosamine was added to a 500 ml culture when the culture reached an OD 600 of 0n1. Duplicate samples (25 ml) were taken at 2n5 h intervals and radioactivity in washed bacteria and in macromolecular products in the culture fluid was measured as described in Methods. Amoxicillin and clavulanic acid were added (arrow) 10 h after addition of the radioactive GlcNAc.
Figures are the means of duplicate measurements, which differed by less than 8 %.
, Culture optical density ; =, bacterial counts ; #, counts in medium ; >, bacterial countsjamoxicillin ; $, counts in mediumjamoxicillin.
Thus, newly synthesized peptidoglycan appeared to be inaccessible to the wall's autolytic systems for about one cell generation. This behaviour is qualitatively similar to that reported for the Gram-positive bacterium Bacillus subtilis where the released GlcNAc-labelled material was shown to be cell wall turnover product (Pooley, 1976) . In B. subtilis only old wall material, in the outermost region of the continuously turning-over wall, is susceptible to autolytic enzymes (Pooley, 1976 ; Merad et al., 1989) . No gross cellular autolysis was caused by amoxicillin as measured by the optical density of the culture or microscopic examination. As shown in Fig. 1 , addition of the β-lactam antibiotic amoxicillin, at its MIC in the presence of the β-lactamase inhibitor clavulanic acid (Cynamon & Palmer, 1983) , after approximately two cell generations of labelling, inhibited further growth and also blocked incorporation of radioactivity into bacterial cells, but led to a transient increase in release of radioactive peptidoglycan into the culture fluid for about one generation time, relative to the untreated control. Over a longer time period amoxicillin treatment resulted in an overall reduction in extracellular peptidoglycan.
Amoxicillin treatment leads to release of soluble peptidoglycan
The experiment described above did not indicate whether the transient increase in the release of extracellular peptidoglycan caused by amoxicillin was due to selective autolysis of newly synthesized wall, or to release of new peptidoglycan, due to inhibition of its cross-linking to the wall. To clarify this, we investigated the fate of cell wall components synthesized and specifically radiolabelled during the period equivalent to one cell generation, in the presence and absence of amoxicillin and clavulanic acid added at the same time as the radiolabel. N-Acetyl-["%C]glucosamine was used to label peptidoglycan and ["%C]glucose was used to label arabinogalactan, arabinomannan and other hexose-and pentose-containing polysaccharides (Deng et al., 1995) . Glucose labelling was carried out in the presence of GlcNAc to reduce incorporation of label into peptidoglycan.
Cultures were grown to mid-exponential phase and then the antibiotics and the required radiolabelled precursor were added together, and incorporation measured after 4 h. Incorporation of radioactivity into extracellular products in the absence of the antibiotic was very low during this period (less than one cell generation), but amoxicillin caused a ninefold increase in the release of GlcNAc-labelled macromolecular material and a threefold increase in release of glucose-labelled products into the culture fluid, in comparison to the equivalent culture without antibiotic. There was a concomitant 78 % reduction in incorporation from GlcNAc and a 56 % inhibition of incorporation from glucose into the cell wall (in three identical experiments, amounts of incorporated radioactivity differed by 8 %).
Gel filtration chromatography of the non-diffusible fraction of the culture supernatant revealed the amoxicillin-dependent formation of a new, relatively low molecular mass macromolecular product (Fraction D) labelled with GlcNAc ( Fig. 2a) but not glucose (Fig. 2b) , indicating that it did not contain arabinogalactan or arabinomannan. In addition there was a small stimulation of labelling of higher molecular mass soluble material of heterogeneous size (Fractions B and C). TLC of the acid hydrolysis products of Fraction D revealed only radioactive glucosamine and muramic acid. Taken in conjunction with the results of the previous experiment showing no overall stimulation of bulk wall turnover or autolysis by amoxicillin, this suggested that amoxicillin specifically activated the autolysis of cell wall synthesized in its presence, or caused the release of new peptidoglycan that was never cross-linked to the wall, as previously observed for B. subtilis and Streptococcus pneumoniae (Waxman et al., 1980 ; Fischer & Tomasz, 1984) , resulting in the appearance of Fraction D.
To test this hypothesis, we repeated the above experiment on a larger scale and isolated Fractions A-D, equivalent to those shown in Fig. 2, after proteinase K followed by 45 % phenol to remove protein and permit analysis of peptidoglycan amino acids. It was then chromatographed on Sephacryl S200. The protease treatment did not affect the chromatographic profile of the radioactive products. The sugar composition of acid hydrolysates of the fractions were determined by HPLC. In the total extracellular material from the untreated culture (3n9 mg hexose), all fractions contained arabinose and mannose, and smaller amounts of galactose, suggesting dispersal of arabinomannans and arabinogalactans of heterogeneous size throughout the chromatogram. Fractions B and C also contained glucosamine and muramic acid, indicating the presence of peptidoglycan. It is important to note that this chemical analysis represented extracellular products accumulated throughout the growth of the culture, not just during the 4 h radioactive labelling period. From its amino acid composition (see below), the lack of effect of amoxicillin and the presence of arabinose and galactose (Table 1) , it seems likely that the peptidoglycan in these fractions was cell wall turnover product. This was not investigated further. Amoxicillin treatment caused a small increase (22 %) in the total carbohydrate material in the extracellular products, but caused two very significant changes in the sugar composition of the chromatograph fractions. It led to a large increase in the amounts of arabinose and galactose in Fraction C (1n8-and 6n7-fold, respectively), and to large increases in the amounts of glucosamine and muramic acid (4n3-and 2n8-fold, respectively) in Fraction D. There were smaller increases in arabinose and mannose in Fraction A. The change in Fraction D corresponded to the formation of the amoxicillin-dependent soluble peptidoglycan identified by radioactive labelling with GlcNAc (Fig. 2) . The amino acid and sugar composition of Fraction D (muramic acid\glucosamine\alanine\glutamic acid\dia-minopimelic acid in the molar ratio 0n9:1n1:2n7:1n1:1) confirmed that the new amoxicillin-induced product was predominantly peptidoglycan. Fractions B and C also contained peptidoglycan, but its amount was not significantly altered by amoxicillin and it possessed an alanine to muramic acid molar ratio of 1n8 : 1, similar to that in the bulk cell wall (1n7 : 1). In contrast, the Fraction D peptidoglycan exhibited a molar ratio of alanine to muramic acid of 3 : 1, showing that, in contrast to the material in fractions C and D, the majority of peptides retained their -ala--ala terminus. This indicated that they had not participated as donors in the peptidoglycan cross-linking transpeptidation reaction. Importantly, there was no concomitant increase in hexoses in this fraction. This observation, the absence of radioactivity derived from glucose in Fraction D (Fig. 2) and the small molecular size of the product (its apparent size was slightly smaller than that of dextran ; mean M r 20 000) indicated that the peptidoglycan did not carry covalently linked arabinogalactan. Treatment of the radioactive material with 0n2 M HCl at 100 mC for 15 Fractions A-D were obtained by gel filtration chromatography of non-diffusible extracellular material from cultures with (j) and without (k) treatment with amoxicillin as shown in Fig. 2 , were hydrolysed and analysed for sugars by HPLC and for amino acids and aminosugars on an automatic amino acid analyser. , Not detected. Hexose and pentose data are the means of three determinations that differed from the mean by less than 10 %. Aminosugar data are the means of two determinations. They differed by less than 8n5 %. Amino acid composition is given in the text. 
Fraction
min, conditions that would remove arabinogalactan by hydrolysis of the acid-labile GlcNAc 1-phosphate of the linker unit, had no effect on its chromatographic profile (not shown) also suggesting that the peptidoglycan was not linked to arabinogalactan. We conclude that the extracellular glucosamine-and muramic acid-containing material formed in the absence of amoxicillin, which only received a small amount of radiolabel during 4 h growth in the presence of radioactive GlcNAc, represents turnover products of mainly old cell wall, released by the action of autolysins. On the other hand, the radioactive peptidoglycan product in Fraction D, formed over a period of less than one cell generation, and only during treatment with amoxicillin, is linear, un-crosslinked 'nascent' peptidoglycan, or very weakly cross-linked new peptidoglycan that is exceptionally sensitive to autolysin action, released from the bacteria soon after synthesis because transpeptidation was inhibited.
In the absence of normal peptidoglycan cross-linking, arabinogalactan is not ligated to peptidoglycan
In addition to causing the release of un-crosslinked peptidoglycan in Fraction D, as described above, amoxicillin caused an increase in the amounts of arabinose and galactose in Fraction C. Since there was no concomitant increase in peptidoglycan in these fractions, it was possible that the new material represented arabinogalactan not linked to peptidoglycan. We therefore examined the extracellular products of radioactive glucose labelling over 4 h in the presence and absence of amoxicillin. Extracellular labelled products were fractionated by gel filtration chromatography as before and Fractions A1-D1, equivalent to Fractions A-D of Fig. 2 , were collected. During treatment with amoxicillin, incorporation from radioactive glucose into a product eluting from the S-200 column at the void volume (Fraction A1, Fig. 3a ) increased approximately 4n5-fold, and into material of smaller, heterogeneous size (Fractions B1 and C1, Fig. 3a ) increased twofold, in qualitative agreement with the increases in galactose and arabinose observed by chemical analysis. Total sugar analysis of Fractions A and B (Table 1) revealed principally arabinose and mannose, with a much smaller amount of galactose. The increase in galactose due to amoxicillin treatment was restricted to Fraction C1. Radioactivity incorporated into the sugars from glucose during the 4 h labelling period in the presence of amoxicillin was examined by TLC of the acid-hydrolysed fractions followed by autoradiography (Fig. 3b) . Fraction B synthesized in the presence of amoxicillin contained only radioactive arabinose and mannose in significant amounts, with no detectable galactose, and was therefore predominantly arabinomannan. Fraction A was not fully analysed, but it too contained principally arabinose and mannose, and had a similar radioactive profile (not shown) to Fraction B. It thus appeared that amoxicillin treatment led to release of lipoarabinomannan or of partly degraded arabinan, as previously observed for ethambutol-treated M. smegmatis (Deng et al., 1995) .
Fraction C, as shown above, contained mannose, arabinose and galactose in addition to peptidoglycan turnover products. TLC and autoradiography of the hydrolysis products of this fraction (Fig. 3b) C]glucose was added to 25 ml exponentially growing liquid cultures when the OD 600 of the culture was 0n5. Where used, amoxicillin and clavulanic acid were added at the same time. After 4 h, extracellular macromolecular products were isolated and chromatographed on Sephacryl S-200. Fractions (1 ml) were collected and radioactivity measured by liquid scintillation counting. The first fraction shown (0 ml) was collected approximately 5 ml before the void volume had been eluted. Eluant was pooled into Fractions A1-D1, corresponding to fractions A-D of Fig. 2 . White circles, no amoxicillin ; black circles, amoxicillin added. (b) TLC of radioactive sugars in acidhydrolysed hexose-containing fractions B1 and C1. Fractions B1 and C1 as shown in Fig. 3a were dialysed, lyophilized and hydrolysed for 2 h in 2 M trifluoroacetic acid at 115 mC. Cell walls were purified from bacteria radiolabelled with glucose and hydrolysed in the same way. Radioactive sugars in the hydrolysates were separated by cellulose TLC and visualized by autoradiography. Authentic sugar markers were detected with the aniline phthalate reagent. Lane 1, Fraction B1 from amoxicillin-treated culture ; lane 2, Fraction C1 with no amoxicillin ; lane 3, Fraction C1 from amoxicillin-treated culture ; lane 4, cell wall with no amoxicillin. The figure is a composite of autoradiograms of the same TLC plate, exposed for different lengths of time to optimize visualization of each sample.
that during the short labelling period radioactive galactose appeared only when the culture was treated with amoxicillin, though arabinose and mannose were labelled both in the presence and absence of the antibiotic (compare lanes 2 and 3). The profile of sugars incorporated into cell wall over the same period in the absence of amoxicillin is shown for comparison (lane 4). Thus, only during amoxicillin treatment the culture synthesized, and released into the medium, a product containing arabinose and galactose (presumably arabinogalactan) that chromatographed in Fraction C1. There was no concomitant increase in glucosamine and muramic acid, indicating that the extra galactose and arabinose were not linked to peptidoglycan.
We conclude that inhibition of peptidoglycan transpeptidation into the cell wall by amoxicillin leads to the separate release into the culture fluid of newly synthesized peptidoglycan, chromatographing in Fraction D, and of arabinogalactan, chromatographing in Fraction C, and that the two polymers are not ligated. Thus when incorporation of newly synthesized peptidoglycan into the cell wall by transpeptidation is blocked, arabinogalactan is not ligated to the peptidoglycan ; under normal conditions, new arabinogalactan is ligated to concomitantly synthesized peptidoglycan in a process that requires transpeptidation of the peptidoglycan to the cell wall.
DISCUSSION
Cell wall assembly in growing bacteria is a process of continuous insertion of new peptidoglycan, with its covalently linked accessory polymers, into the inner surface of the existing wall, where it is attached to older peptidoglycan by transpeptidation. In balanced growth the rate of addition of new material is sufficient to provide for expansion of the growing wall and loss of existing wall by tightly regulated autolysin-catalysed turnover (Merad et al., 1989 ; Doyle et al., 1988) . In Bacillus, the effect of the continual addition of new material at the inner surface of the cell wall and turnover of wall at the outside is that over a period of time, cell wall material migrates from the inner surface to the outer surface where it becomes susceptible to turnover and is released into the culture medium (Pooley, 1976 ; Archibald et al., 1993) . The kinetics of GlcNAc incorporation and turnover shown in Fig. 1 demonstrate a similar process in M. smegmatis. Despite continuous incorporation of radioactive GlcNAc into cellular material, radioactive macromolecular products did not appear in the culture fluid until more than one cell generation after addition of radiolabelled GlcNAc to the culture. N-Acetyl-["%C]glucosamine would be expected to specifically label peptidoglycan in the presence of unlabelled glucose. The M. tuberculosis genome sequence (Cole et al., 1998) includes genes encoding homologues of the Escherichia coli enzymes NagA, GlmM and GlmU responsible for the uptake of exogenous GlcNAc and its incorporation into UDP-Nacetylglucosamine, the nucleotide precursor of peptidoglycan. In E. coli, NagA is induced by exogenous GlcNAc, which also represses endogenous synthesis of glucosamine 6-phosphate, the normal endogenous precursor of UDP-N-acetylglucosamine. Glucose represses synthesis of glucosamine phosphate deaminase, preventing utilization of exogenous GlcNAc as a carbon and nitrogen source. Thus, in the presence of GlcNAc and glucose, radioactive GlcNAc is incorporated specifically into UDP-N-acetylglucosamine and hence principally into peptidoglycan. This was confirmed by the identification of radioactivity from exogenous GlcNAc only in glucosamine and muramic acid in cell wall hydrolysates.
The delay in appearance of macromolecular radioactive product in the culture fluid ( Fig. 1) indicated that peptidoglycan up to at least one cell generation old was not susceptible to turnover. However, when amoxicillin was added at the same time as the radioactive GlcNAc, considerable release of labelled material occurred over the next cell generation and analysis of the product indicated that it consisted of peptidoglycan without covalently attached arabinogalactan. The very high proportion of alanine in this product, approaching 3 mol (mol muramic acid) −" , indicates that a large proportion of the peptide side chains had never participated as donors in a transpeptidation reaction, the process that leads to the incorporation of new peptidoglycan into the cell wall (Cooper et al., 1988 ; Giles & Reynolds, 1979 ; Goodell & Schwarz, 1983 ; Ward & Perkins, 1974) , since that process leads to the elimination of one of the three alanines of the nascent pentapeptide. Thus the peptidoglycan was released, either as the result of the action of autolysins on a very abnormally cross-linked subfraction of new cell wall, or without any prior attachment to the cell wall, due in either case to inhibition by amoxicillin of the transpeptidation function but not the chain-extending transglycosylation activity of the high molecular mass penicillin-binding proteins. This peptidoglycan did not carry covalently attached arabinogalactan. We therefore conclude that in vivo, the enzyme(s) catalysing ligation of arabinogalactan specifically act on concomitantly synthesized arabinogalactan and peptidoglycan. Moreover, the peptidoglycan must be in the process of normal transpeptidation to the existing cell wall for ligation of arabinogalactan to occur, since inhibition of transpeptidation by amoxicillin also prevented ligation, though synthesis of neither polymer was inhibited. This suggests that the topology of the complex of ligation enzymes and lipidbound nascent polymers at the cytoplasmic membrane surface is critical for successful ligation.
The ligation of arabinogalactan to peptidoglycan involves the transphosphorylation of the terminal Nacetylglucosamine 1-phosphate of the linkage unit of the polymer from its polyisoprenylphosphate carrier to the hydroxyl group at C-6 of an N-glycolylmuramic acid in the peptidoglycan (Mikusova et al., 1996) . The reaction closely resembles the ligation of teichoic acid to peptidoglycan in a wide range of Gram-positive bacteria (Archibald et al., 1993) and is an interesting candidate target for new antimicrobial drugs. In the case of teichoic acids, the ligation reaction has been demonstrated in vitro (Hancock, 1981 ; Ward, 1981) and shown to be insensitive to β-lactam antibiotics. However, the enzymes and genes responsible for ligation have not been identified in any bacteria. Similar interdependencies between cross-linking of new peptidoglycan to the cell wall and ligation of accessory wall polymers to the new peptidoglycan have been observed in the cases of wall teichoic acids in B. subtilis (Mauck & Glaser, 1972) and S. pneumoniae (Fischer & Tomasz, 1984) . The ligation of proteins to peptidoglycan in Gram-positive and Gram-negative bacteria is via penicillin-insensitive transpeptidation reactions that involve sites in the peptidoglycan peptide side chains that would otherwise be available for cross-linking (Navarre & Schneewind, 1999) . Thus protein attachment prevents full cross-linking. The effect of blocking peptidoglycan cross-linking on this process is, however, not known. The phenomenon could have implications for the release of circulating cell wall antigens during the early stages of treatment of bacterial infections with β-lactam antibiotics (Periti & Mazzei, 1998) . The actions of other antimycobacterial drugs that target specific stages in cell wall synthesis, including ethambutol (Deng et al., 1995) and isoniazid (Bardou et al.,1996) , have also been reported to lead to multiple effects on cell wall assembly and stability, including the release of the major surface antigen, lipoarabinomannan. Progress towards identification of the ordered sequence of late events in the synthesis of mycolylarabinogalactan and its ligation to the cell wall, should be valuable in drug discovery efforts targeting cell wall synthesis, by enhancing our ability to predict the consequences of inhibition of specific targets by new and existing drugs.
